The reactivity of alcohol dehydrogenase IIG (ADH IIG) from Pseudomonas putida HK5 with new heterocycle-pentacyanoferrate(III) complexes and hexacyanoferrate(III) was determined at pH 7.2. The pentacyanoferrate(III) complexes contained imidazole, pyrazole, pyridine, their derivatives and 2-aminobenzothiazole as the sixth ligand. The largest reactivity of the complexes with ADH IIG was estimated for the complex containing pyridine. An apparent bimolecular constant (k ox ) for this complex was 8.7 × 10 5 M −1 s −1 . The lowest value of k ox was estimated for the complex with benzotriazole
Introduction
Quinoproteins belong to oxidoreductases that contain amino acid-derived ortho-quinone cofactors, such as pyrroloquinoline quinone (PQQ). Quinoprotein alcohol dehydrogenases (ADH) are produced by several types of aerobic bacteria [1] . ADHs, which are found in non-methylotrophic bacteria, are clasified into three groups (I, II, II) according to their molecular properties [2] . ADHs of type I are enzymes with PQQ as the only prosthetic group [3] , whereas type II and III are either quinohemoproteins, or contain a quinohemoprotein as one of their subunits. Additionally, ADHs of type II are monomeric, soluble quinohemoproteins (molecular weight 70 − 75 kDa), possessing a PQQ cofactor and a covalently bound heme [2, 4] .
The quinoprotein alcohol dehydrogenase IIG (ADH IIG) used in this research was purified from bacteria Pseudomonas putida HK5 [4] . This microorganism produces several types of ADHs (one type of ADH I and two types of ADH II) depending upon which medium the bacteria is grown. When bacteria are grown on the ethanol medium, ADH of type I is produced. Growth on a butanol medium induces production of the ADH type IIB which reacts well with the long-chain primary or secondary alcohols. Growth on a glycerol, or 1,2-propanediol medium produces ADH IIG, which reacts better with diols, but not with primary or secondary alcohols.
During the oxidative half reaction, type II ADHs transfer electrons to the membranebound electron transport system. The transfer may occur via the electron acceptor in soluble fraction. For ADH IIB from Pseudomonas putida, HK5 azurin can act as electron transfer mediator [5] . Various organic and inorganic compounds could act as artificial electron acceptors for the reduced type II ADHs [4] [5] [6] . Previous research on ADH IIG showed that the reduced enzyme reacts well with radical cations of organic compounds (bimolecular constant k ox = 4.2 × 10 5 − 1.6 × 10 7 M −1 s −1 ), but poorly with two-electron acceptors such as 2,6-dichlorophenol indophenol and phenazine methosulfate (k ox = 2.7 × 10 3 − 1.5 × 10 4 M −1 s −1 ) [6] . A natural electron acceptor for ADH IIG has yet to be reported. Due to oxygen insensitivity, the PQQ dehydrogenases are attractive for designing various biosensors [7] [8] [9] [10] [11] . Investigation into the reactivity of new electron acceptors opens up the possibility to solve many problems related to the application of these enzymes in biosensors. Generally, the use of the electron transfer mediators in biosensors increases their efficiency. Some of the main qualities required for a mediator (and the consequent advantages for sensor performance) are the fast electron exchange between enzyme active site and mediator and the appropriate redox potential, which enables the electrode to be held at a potential that does not provoke interfering electrochemical reaction. Transition metal species are among other compounds reported as electron transfer mediators for PQQ-dependent oxidoreductases [10, 12] .
In an attempt to find new, effective ADH IIG mediators, the reactions of heterocycle-pentacyanoferrate(III) complexes with reduced ADH IIG were investigated. The heterocycle-pentacyanoferrate(III) complexes contained imidazole, pyrazole, pyri-dine, their derivatives and 2-aminobenzothiazole as the sixth ligand. The majority of the heterocyclic compounds used as ligands are found in important natural compounds. All of the ligands used have heterocyclic nitrogen atom which forms a coordination bond with iron. Moreover, 2-aminobenzothiazole has a sulphur atom, which is also able to form such a bond. By changing the structure of the ligand, we modified the redox potential and other properties of the complex, and exposed the characteristics of substrates that determined the reactivity. Finding mediators containing inexpensive iron instead of noble metal based mediators is most promising. Moreover, discovering iron complexes with high reactivity opens new perspectives of PQQ enzyme use for biosensors [11, 13] . Finally, we established that the bimolecular pentacyanoferrate(III) complexes and ADH IIG reactivity constants were in the interval from 3.1 × 10
and exposed the dependence of the constant's values on the complex redox potential. The electron transfer path from heme to the complexes docked at the entrance to the PQQ pocket is biologically relevant and indicated as the most effective in this study.
Materials and methods

Enzyme and substrates
PQQ-dependent alcohol dehydrogenase (ADH IIG) was purified from Pseudomonas putida HK-5. In order to extract the ADH IIG, the bacteria cells were grown in basal medium supplemented with 1,2-propanediol described elsewhere [4] . All procedures for purification of ADH were performed at 4
• C unless otherwise stated. Cells were harvested, washed once with 50 mM Tris-HCl buffer (pH 7.5) and suspended in the same buffer. The cells were disrupted by ultrasonic treatment and the cell debris was removed by centrifugation (12000 g, 1 hour). The pH of resulting supernatant was adjusted to 7.0 and the cell-free extract was applied to DEAE Toyopearl 650M column (5.0 × 8.2 cm) equilibrated with 50 mM Tris-HCl buffer (pH 7.0). The active fractions were collected, concentrated by ultrafiltration and dialyzed against 10 mM Tris-HCl buffer (pH 8.5) containing 10 mM CaCl 2 . The dialyzed enzyme was reapplied to the DEAE Toyopearl 650M column (2.6 × 14 cm) equilibrated with the same buffer and enzyme was eluted by a linear gradient of KCl up to 0.15 M in the same buffer. The active fractions were collected, concentrated by ultrafiltration, NaCl was added up to 2 M and the mixture was applied to the 20 mL column of Phenyl FF (Amersham Biosciences), equilibrated with 5 mM Tris-HCl (pH 8.5) containing 10 mM CaCl 2 and 2 M NaCl. The enzyme was eluted by a linear gradient down to 0 M of NaCl. The active fractions were collected, concentrated by ultrafiltration and lyophilized. The concentration of the enzyme in solution was determined using molecular mass of the monomer enzyme 72 kDa [4] and protein concentration estimated by the Lowry method [14] with bovine serum albumin as standard. Glycerol was from "Fluka". Imidazole (IM) was received from Reanal (Budapest, Hungary), benzimidazole (BIM), pyridine (PY), benzotriazole (BTA) were from Reachim (Moscow, Russia), potassium ferricyanide, histidine (HIS), 4-imidazoleacetic acid (IAA) and 2,6-pyridinecarboxylic acid (PCA) were from Sigma, pyrazole (PYR), 4-imidazolecarboxylic acid (ICA) and 2-aminobenzothiazole (ABTA) were from Aldrich. Sodium nitroprusside was obtained from Polskie Odczynniki Chemiczne (Gliwice, Poland), sodium nitrite, sodium sulphate, acetic acid and other analytical grade reagents were obtained from Reachim (Moscow, Russia). All buffers and solutions were prepared using doubly distilled water. The ionic strength of the buffer solutions was varied by addition of sodium sulphate, and was controlled with a conductometer Radelkis (Hungary). The ionic strength of the solution corresponded to the molar concentration of potassium chloride. Na 3 [Fe(CN) 5 NH 3 ]·3H 2 O was synthesized from sodium nitroprusside and then oxidized to Na 2 [Fe(CN) 5 NH 3 ]·2H 2 O following the procedure described in [15] .
Synthesis of the complexes and their characterization
Synthesis and characterization of the pentacyanoferrate complexes were performed as described in reference [16] . The formation of complexes between aminopentacyanoferrate(III) and ligands was carried out in situ in 0.1 M phosphate buffer, containing 0.1 M KCl, pH 7.2. Imidazole, pyrazole, pyridine, their derivatives and 2-aminobenzothiazole were used as ligands. The ratio of ligand to complex concentrations was 10 to 1, respectively. The reaction mixture was incubated at room temperature for the period of 48 − 72 h. The concentration of the synthesized complexes was calculated assuming that the entire amount of ammonia was replaced with heterocycles. The redox potentials, absorption spectra maximum wavelengths, and electron self-exchange rate constants of the complexes were determined [16] and presented in Table 1 .
Kinetic measurements and calculations
The reduction of complexes in the presence of ADH IIG and glycerol was monitored spectrophotometrically using a computer-assisted spectrophotometer Gilford Instrument 2600 (Gilford Instrument Laboratories Inc., Oberlin, OH, USA). The kinetics were recorded at maximum absorbance of oxidized complexes. The kinetic curves were fitted by the first order reaction integral equation and the rate constant and initial concentration values were used for initial reaction rate calculation. The analysis of the dependence of the initial rate on the concentration of the complex was performed by applying the ping-pong scheme of the enzyme action [17, 18] :
Here, E ox , E red , S, ES, P , M ox and M red are abbreviations of oxidized and reduced forms of the enzyme ADH IIG, substrate (glycerol), enzyme-substrate complex, product, mediator (complex) and its reduction product, respectively. Following this scheme, the dependence of the initial reaction rate on the complex concentration is expressed:
where [E] t is a total enzyme concentration, V-initial rate,
and k ox = k 3 are catalytic, reductive and oxidative constants, [complex] 0 and [S] 0 is initial concentration of the complex and glycerol, respectively. k ox -describes the apparent bimolecular constant of the interaction of oxidized complex with reduced ADH IIG.
At large excess of glycerol the dependence of the rate on complex concentration could be simplified:
At low complex concentration when k cat > k ox × [complex] 0 the equation 4 transforms into eq. 5 and linear dependence of the initial reaction rate on [complex] 0 has been indicated:
The dependence of the constants on the ionic strength of the solution was expressed by Debye-Hückel equation [19] :
where k0 is the rate constant at zero ionic strength (μ), Z A and Z B are the charges of the reagents. The constant A = 0.512 at 25
• C in a water solution. Therefore the slope of the linear dependence of log(k) versus μ 1/2 is approximately equal to the multiplied charges of the reagents.
Calculation of substrates docking
Ab initio calculations were performed by using the Gaussian 98W package [20] . The geometries of molecules were optimized, and Mulliken charges calculated, with the HF (Hatree-Fock) theory and 3 − 21G basis set. All energies are expressed in atomic units (l a.u.= 27.2116 eV).
The simulations of the substrate docking were performed with AutoDock 3.0.5 [21] in the whole structure of ADH-IIG. The crystal data of ADH-IIG were downloaded from the Protein Data Bank with reference 1YIQ [22] . Co-factor (PQQ and heme) geometries and charges were calculated with the same ab initio methods described above. Atomic interaction energy grid maps were calculated with the 0.5Å grid spacing forming the cubic box centered on the mass center of the protein. The space of the cubic box covered all ADH-IIG structure. The electrostatic interaction energy grid used a distancedependent dielectric function of Mehler-Solmajer [23] . The docking was accomplished using the Lamarckian genetic algorithm. The number of individuals in a population was set to 100 and the maximum number of generation was 45000. The number of the top individuals that are guaranteed to survive into the next generation was 1. The probability of performing local search on an individual was set to 0.1. Each substrate docking was assigned to make 200 runs. The maximum number of energy evaluations was set according the scheme: 1000 000 evaluations and extra 250 000 evaluations for an extra flexible bond in a substrate.
Electron transfer paths calculation
Electron transfer (ET) paths were calculated using HARLEM [24] . The structures of compound-enzyme complexes were loaded into HARLEM from the docking calculations and the redox sites were assigned interactively before computing ET paths. A donor group was selected as PQQ or heme and a docked PCF compound with the highest affinity to ADH was selected as an acceptor group. The best ET path calculations were performed with a term included for hydrogen bonding between sulphur and hydrogen. The nonbonding and hydrogen bonding distance decay was 1.7Å −1 , and the covalent bond decay was 0.6Å −1 . Pathways model was used to calculate donor/acceptor electronic couplings (H) using Dutton model [25] and the maximal ET rates (k max ). The choice of the best path was based on couplings.
Results and Discussion
The reactivity of ADH IIG with heterocycle-pentacyanoferrate(III) complexes
The typical kinetic curves of the complexes absorbance change in the presence of ADH IIG and glycerol at pH 7.2 are shown in Figure 1 . The inset data show the dependence of initial rate of the reaction on initial complex concentration. The ping-pong scheme was applied to analyse the dependence of initial rate on initial absorbance and constants calculation, since action of quinohemoprotein alcohol dehydrogenases was described according to this scheme [17, 18] . The values of apparent bimolecular constants k ox presented in [5] ).
The analysis of the dependence of the reactivity of complexes with the reduced enzyme was performed using the parameters of the complexes (Table 1 ) established in [16] . The dependence of the k ox value on the redox potentials is depicted in Figure 2 . There were two groups of complexes, each with a different dependence of k ox on redox potential. The first group consisted of complexes with the following ligands: PY, PYR, BIM, IM, BTA. The dependence of k ox on E was evident in this group. The second group consisted of complexes with the ligands IAA, HIS, ICA, NH 3 
The dependence of reactivity of ADH IIG with hexacyanoferrate(III) on buffer solution ionic strength
In order to determine a formal enzyme charge and the influence of reactants charge on their reactivity, the rate of reduction of hexacyanoferrate(III) with ADH IIG was measured at different ionic strength at pH 7.2. The experimentally determined hexacyanoferrate(III) reduction rate increased if the ionic strength of the buffer solution increased (Figure 3) . From the dependence of the initial rate of hexacyanoferrate(III) reduction on its concentration, the k ox values were calculated at each of the ionic strengths by applying ping-pong scheme of the enzyme action (eq. 4, 5). For ADH IIB, the influence of ionic strength on the affinity for azurin and electron transfer rate from enzyme to azurin was investigated [5] . It has been shown that the affinity of ADH IIB for azurin increases with increasing ionic strength and the interaction between the enzyme and azurin is dependent on their hydrophobic nature. Our investigations of ADH IIG reactivity with hexacyanoferrate(III) imply that interaction of the enzyme and hexacyanoferrate(III) must be of ionic character. The enzyme group having the charge of −1 (as calculated above) may be one of the heme propionate residues.
Calculation of complexes' docking in ADH IIG
To establish electron transfer (ET) path, the docking calculations of the complexes with ADH-IIG were performed at first. The calculations revealed two well expressed binding sites in ADH-IIG structure: one at the entrance to the PQQ pocket and one at the site in the cytochrome domain (Figures 4, 5) . The amino acids Tyr430, Leu432, Arg435, Thr436, Phe546, Ser607, and Gln608 formed the docking site at the entrance to the PQQ pocket, whereas Leu552, Arg579, Val615, Ser616, Asp622, Arg624, Lys625, Leu673, and Trp680 formed the site with cationic character in the cytochrome domain. Both docking sites were not buried deep into the protein, were exposed to solvent, contained hydrophilic amino acids, and were almost isoenergetic. All docking results are tabulated in Table 2 . The median value of the docking energy was about −8.3 and −7.8 kcal/mol in the PQQ entrance and cytochrome sites, respectively. All docking energies ranged from −5.0 to −9.4 kcal/mol. The analysis of the docking results show that more negative docking energies, and accordingly, higher affinities of pentacyanoferrate(III) complexes to the enzyme are found for the complexes bearing carboxylic groups. The lowest affinities in both docking sites were calculated for the complexes bearing NH 3 or CN − as the sixth ligand.
The median values of the length of edge-to-edge distances between docked complexes and heme were 11.3Å for the cytochrome site and 7.5Å for the PQQ entrance site (Table 2) . No docking sites were obtained at the PQQ pocket. To explain this, it was suggested that the molecular volume of substrates could be a barrier preventing the access to the PQQ pocket. As denoted in [22] , the approximate volume of the active centre or PQQ pocket is about 150Å
3 . The volumes of calculated compounds were similar or greater
2− or other complexes investigated, respectively. These findings also agree with the current statement for ADHs of type II that the proteins function by PQQ transferring electrons to heme for subsequent electron transfer to the natural electron acceptor [2] . The heme pocket was well exposed for the interactions between heme and complex, but no complexes were detected there. This could be explained by unfavourable electrostatic interaction between negatively charged propionate residues of heme and negatively charged complexes. 
Electron transfer path calculations
The results of docking calculations were used directly to analyse the electron transfer pathways. The possible ET paths were calculated for each docked compound in both docking sites. The results showed that there were four possible ET paths from PQQ and heme to both docking sites. The largest ET path dimensionless couplings (H) and predicted maximal ET rates (k max ) were calculated for paths from heme to both docking sites. Both parameters were closely related among themselves -the higher coupling parameter, the higher maximal electron transfer rate. The correlation between k max and H is "natural", because in the Pathways model k max is directly related to the electronic coupling due to numerical implementations using decay (empirical) factors. Table 2 for each compound. Fig. 4 The structure of ADH-IIG [22] .
The pathways from PQQ to docking sites were not so effective. The calculated values of k max and H showed that electron transfer from heme was more effective than from PQQ, by hundreds or thousands times. In the enzyme, the PQQ catalyses the reaction of substrate oxidation and transfers the electrons to the heme, which then transfers electrons to the acceptor [2] . The physiological process does not involve ET between PQQ and external molecules -pentacyanoferrate(III) complex in the present case. Therefore both paths with PQQ are not relevant from the biological function point. However, it clearly illustrates the discrimination of ET paths in the protein: the inefficient ET path from PQQ to electron acceptors confirms that biological function is fulfilled with ET from the heme of ADH IIG. The largest ET rate was from the heme to the PQQ channel entrance site ( Figure 6 ). This site possesses the shortest edge-to-edge distance between a donor and an acceptor, i.e. the heme and the complex. This path was constructed of amino acids Ser607 and Cys606 and was almost independent from the docked compounds. In contrast, the rest of the ET paths have some amino acid variations depending which compound is docked ( Table 2) . docking site close to the entrance to PQQ channel. ADG-IIG structure depicted as solvent accessible surface with cutting plane to best reveal ET path localization.
Concluding remarks
The aim of this work was to investigate the reactivity of new group of inorganic electron acceptors, i.e. complexes of pentacyanoferrate(III) and heterocyclic compounds, with ADH IIG. The investigations showed that the complexes, as well as hexacyanoferrate(III), are good electron acceptors for the reduced enzyme. The estimated bimolecular constants values varied in a rather narrow interval from 3.1 × 10 4 to 8.7 × 10 5 M −1 s −1 .
It was established that the dependence of bimolecular constant value on complexes redox potential is weakly expressed. Possibly, the highest reactivity of pentacyanoferrate(III) complex with pyridine was due to the high potential of this complex. There was no correlation between k ox and self-exchange constants' values of the complexes, suggesting that there is no single dominant factor controlling the reactivity of pentacyanoferrate(III) complexes. Finally, the docking and the electron transfer path calculations provide the model where the most effective ET is from heme to pentacyanoferrate(III) compounds complexed at the entrance to PQQ channel.
